Myc is a nuclear phosphoprotein which controls cellular proliferation, most likely by regulating gene activity. The finding that the neuronal model cell line PC12 lacks the Myc DNA binding partner, the Max protein, and the demonstration that Myc is a repressor of gene activity as well as a transactivator, lead to models for Myc action in regulating cell growth.
INTRODUCTION
During terminal cellular differentiation, cell growth and expression of differentiation-specific genes must be coordi n a te^ regulated. This is particularly true for neuronal cells which only acquire full function after they undergo a transi tion to the post mitotic state. To understand the mechanisms which coordinate the attenuation of cell proliferation with the activation of differentiation specific genes, we have studied the Myc protein, a transcription factor whose high level of expression is linked to cell proliferation and to suppression of differentiated functions. These studies have disclosed novel properties of the Myc protein including the ability to repress transcription which may function in the release of cells from growth arrest.
The Myc protein is a nuclear phosphoprotein which is induced by growth factors. Myc is expressed in proliferating cells and overexpressed in many tumors. These facts, plus bio chemical evidence that Myc can induce cell proliferation, link M yc's function to cell growth. Fig. 1 shows a cartoon of domains of the c-Myc protein. At the C terminus of Myc there is located a DNA binding domain consisting of a basic region, helix-loop-helix leucine zipper (B-HLH-LZ) structure (reviewed by Prendergast and Ziff, 1992) . The interaction of the HLH-LZ m otif with a similar structure in the Max protein, the DNA binding partner of Myc, generates a functional DNA binding domain which recognizes CACGTG sequences in DNA called E box Myc sites, or Ems (Blackwell et al., 1990; Blackwood and Eisenman, 1991; . The dimerization of Myc with Max is thought to be a prerequisite for Myc binding to the Ems. When positioned at the Ems, Myc can induce transcription from a neighboring promoter (Amati et al., 1993; Amin et al., 1993; Gu et al., 1993; Kretzner et al., 1992) . This induction is dependent upon a transcription transactivation domain which is located within the Myc amino terminus (Kato et al., 1990) . Genes activated by Myc may have a role in cell proliferation (Bello-Fernandez et al., 1993; W agner et al., 1993) . Other tran scription factors besides Myc including USF also bind to the Ems. USF contains a B-HLH-LZ structure related to that of Myc but is structurally otherwise distinct (Gregor et al., 1990) . A second family of factors, including the Mad and M xil proteins, also binds to the Ems (Ayer et al., 1993; Zervos et al., 1993) . Like Myc, the Mad and M xil proteins are thought to bind to DNA only as heterodimers with Max protein. When considered from this perspective, Max is a central factor in the interaction of Myc, M xil and Mad with the Ems. Although the Myc protein is a transcription stimulator, Mad and M xil repress transcription through association with Sin3, a general transcription repressor which interacts with the Mad family of proteins through amino terminal domains (Ayer et al., 1995; Schreiber-Argus et al., 1995) . In this light, the competition of Mad and M xil with Myc for binding to Max, leading to asso ciation with the Ems provides a mechanism for stimulation or repression of transcription through the Ems.
MATERIALS AND METHODS
The methods for analysis o f the max gene in PC 12 have been previ ously reported (Hopewell and Ziff, 1995) as have the methods for study o f transcriptional repression by the Myc protein (Li et al., 1994) .
RESULTS

Absence of Max from the PC12 cell line
W e have analyzed the Max protein in PC12 cells. PC12 is a cell line originating from the neural crest, and was isolated from a rat pheochromocytoma (Greene and Tischler, 1976) . PC 12 is related to precursors of chromaffin cells, which are catecholaminergic cells of the adrenal medulla. PC 12 expresses receptors for NGF, epidermal growth factor (EGF) and fibroblast growth factor (FGF). NGF and FGF induce PC 12 growth of neurites and change PC 12 from a chromaffin cell morphology to a sympathetic neuronal morphology. Thus, It was previously shown that NGF induces the transcription of the myc gene in PC 12 cells with immediate early kinetics (Greenberg et al., 1985) . We therefore investigated the role of Max in the PC 12 response to NGF (Hopewell and Ziff, 1995) . We attempted to immuneprecipitate Max protein from PC 12 cells following labeling with 32PC>4 or with [35S]methionine. While our antisera to Max readily precipitated Max from other cells such as Rat la cells, we were unable to detect any signal from PC 12. However, when we transfected these cells with a Max expression vector, Max protein was readily detected. Northern analysis of PC 12 mRNA revealed a heterogeneous population of RNAs in blots probed with a max cDNA. Similar blots of Rat la cell RNA gave a clear max mRNA band. To further investigate max transcripts in PC 12, we screened a PC 12 cDNA library with a Max cDNA probe. We obtained one clone whose sequence corresponded to the 5' sequences of max mRNA, up to the sequences encoding the loop structure of the DNA binding domain. Beyond this point, the sequences diverged from those of the max mRNA and were not found in the GenBank nucleotide sequence database. These novel non max sequences could not be detected in Rat la total RNA or in RNA from various rat tissues by RNA protection analysis, sug gesting that sequences at the 3' end of the cloned message were not normally expressed in rat cells. Their conceptual amino acid sequence translation was unrelated to Max. By RNAase protection we could not detect any full length max mRNA in PC 12 cells although this mRNA was readily detected in Rat la cells. Likewise, the 3' sequences of maxPC12 mRNA could be found in PC12 cells but not in R atla. These results suggested that Max protein was not expressed in PC 12 cells because of the absence of wild-type max mRNA. The PC 12 clone could encode a protein, Maxpcl2, diagrammed in Fig. 2 , with the amino-terminal residues of Max, including the basic region, helix-1 and the loop of the DNA binding domain but not helix-2 or the leucine zipper or residues C-terminal to this position. Two lines of evidence indicate that Maxpcl2 protein is not functional. First, Maxpcl2 failed to bind to Myc under con ditions that permitted wild-type Max to bind to Myc. Second, MaxPC12 protein did not repress transcription from an Emscontaining promoter while Max itself did repress. The presence of an altered form of Max mRNA in PC 12 suggested that the Max gene might be mutant in these cells. The presence of a mutation in the PC 12 max gene was confirmed by Southern blotting of genomic DNA which had been restricted with several different endonucleases and probed with a max intronic probe. The band patterns lacked wild-type DNA bands and contained new restriction fragments not found in R atla cell digests or in digests of DNA from the New England Deaconess rat, the strain of rat from which PC 12 cells were derived. These results indicate that the max gene is mutant in PC 12 cells. Fur thermore, these cells are homozygous for the mutant gene. The mutation lies in the max intron which immediately follows the last exon to be expressed in PC 12 cells, suggesting that a chro mosomal re-arrangement or translocation has disrupted expression of downstream exons. This alteration in max gene structure most likely accounts for the absence of Max protein from PC 12 cells.
To examine the effects of restoring Max to PC 12 cells, we introduced into PC 12 cells a vector expressing Max from a Zn2+ regulated metallothionein promoter. These cells expressed low levels of Max in the uninduced state. Upon Zn2+ treatment, the level of Max protein increased. In the absence of Zn2+, the cells showed a modest reduction in growth rate compared to control PC 12 cells. Upon Max induction, the change in growth rate was negligible.
We conclude from these studies that PC 12 cells do not express Max protein. Because PC 12 cells grow, respond to differentiation agents, express differentiated functions and undergo apoptosis upon withdrawal of survival factors, these cellular activities can take place in the absence of Max, at least in PC 12 cells. At present, Max is the only known dimerization partner for Myc, Mad and M xil which enables these proteins to bind specifically to DNA. Perhaps another, not yet uniden tified factor performs this function in PC 12 cells. Alternatively, the Max-dependent functions of Myc, Mad, M xil and functions of Max itself may be dispensable in PC 12 cells.
Functions of the Myc protein
The Myc protein contains within its amino-terminal region a transcription transactivation domain and it has been shown that Myc can activate the transcription of several cellular genes (Bello-Fernandez et al., 1993; Benvennisty et al., 1991; Eilers Prendergast et al., 1990) . However, several lines of evidence suggest that other activities of the Myc protein are also essential for M yc's ability to stimulate cell proliferation. This conclusion is based on studies of Myc as a regulator of transcription.
To assay Myc as a regulator of transcription, we cotrans fected a Myc expression vector into 3T3 cells together with a plasmid, pMLP-Luc, containing the adenovirus-2 major late promoter (MLP) linked to the luciferase reporter gene. The structure of pMLP-Luc is shown in Fig. 3A . The MLP in this plasmid contains within its 5' flanking region a CACGTG sequence, known as an E box, which binds the transcription factor USF and the Myc/Max heterodimer. In Fig. 3B , as the quantity of Myc expression vector in the transfection increased, the MLP was activated and then repressed, giving a biphasic response curve. Expression of Max alone repressed the promoter. In contrast, expression of USF at increasing levels only stimulated MLP activity (Li et al., 1994) . To dis criminate the targets for Myc and USF within the MLP, we repeated these assays with two additional plasmids. One of these contained multiple Ems linked to the core of the SV40 early promoter, a promoter which is not responsive to Myc. This plasmid was stimulated by both USF and Myc. The second plasmid contained the core of the MLP linked to a luciferase reporter gene. Interestingly, this plasmid was stim ulated by USF and repressed by Myc. These results suggested that the response of the MLP was a composite of the responses of the Ems and the core promoter. USF stimulated through both the Ems and the core promoter. Thus its overall effect was stimulatory. Myc induced through the Ems and repressed through the core promoter. The overall effect of Myc on the MLP was therefore biphasic. Further studies showed that the MLP core became insensitive to the repressive effect of Myc if residues near the site of RNA initiation were mutated (Li et al., 1994) . This implicated a DNA region corresponding to the initiator element in the repression mechanism. Furthermore, mutants of Myc which lacked the leucine zipper or were mutant in the basic region so as to prevent DNA binding also failed to repress. This suggested that Myc repression depended upon interaction with a second protein through the leucine zipper and also relied upon contact with a DNA sequence, potentially the initiator element. Further studies showed that deletion of Myc box 2, a region of the Myc amino terminus which is highly conserved amongst Myc family members and between species, eliminated the ability of Myc to repress the MLP (Li et al., 1994) . However the Myc box 2 deletion mutant, dlMB2, was able to stimulate the Myc responsive ornithine decarboxylase (ODC) promoter (Bello-Fernandez et al., 1993) or the adenovirus major late promoter (Li et al., 1994) as effi ciently as the wild type.
It has been previously established, and was confirmed by us, that the ability of Myc to cooperate with an activated Ras protein was strongly dependent upon the integrity of Myc box 2 (Freytag et al., 1990; Li et al.. 1994; Stone et al., 1987) . When considered together with the phenotype of dlMB2, this finding indicated that a wild-type capacity for transactivation was not sufficient for Myc cooperation with Ras. It further suggested that retention of the ability to repress core promoter transcrip tion was required for Ras cooperation. Interestingly, we find that dlMB2 blocks the ability of wild-type Myc to cooperate with Ras (D. MacGregor and E. B. Ziff, unpublished). These data suggest that Myc repression of one or more genes is a necessary step in Myc induction of cell proliferation. Genes which would fit this paradigm are genes whose protein products encode growth arrest factors. We examined the effect of Myc on the core promoter of two such genes. One is the gene encoding C/EBPa, a transcription factor in the leucine zipper family and the second is the albumin gene. Expression of C /E B Pa in 3T3L1 preadipocytes is sufficient to induce these cells to differentiate into adipocytes. During 3T3L1 differen tiation, Myc levels initially increase. Later Myc levels decline and C /EB Pa levels increase (Freytag et al., 1990) , indicating an inverse relationship between Myc and C /EB Pa expression of the sort indicated by our model. Indeed, we found that con stitutive expression of the Myc gene in 3T3L1 cells blocked the induction of C /EB Pa (Li et al., 1994) . Furthermore, we found that in transient assays, c-Myc repressed the C/EBPa core promoter by a mechanism dependent upon the basic region and leucine zipper and box 2 of Myc and upon the residues at the site of initiation of C /E B Pa transcription. This region resembles an initiator element. Similar initiator elements are found in other Myc-repressed differentiationspecific genes such as the N-Cam and L F A -la genes (see Li et al., 1994) .
One further observation is worthy of note. In instances in which c-Myc repressed the core of a Myc sensitive promoter, USF stimulated this promoter. If the promoter's basal activity was stimulated by USF, this stimulation could be reversed by elevated Myc, indicating that USF and Myc antagonize each others' actions at promoter cores. Furthermore, we find that coexpression of USF can inhibit Myc-Ras cooperation in vitro (L. Li and E. B. Ziff, unpublished).
D ISC U SSIO N M ultiple roles for Myc
Our results suggest that the Myc protein has multiple functions, including both stimulation and repression of transcription. Potentially both activities are required for Myc-dependent acti vation of cell growth. The phenotype of dlMB2 directly impli cates repression in Myc cooperation with Ras leading to cell transformation. While there is excellent evidence for Max heterodimerization with Myc as the basis for DNA binding during transcription stimulation, the role of DNA binding and the requirement and identities of partner proteins during repression remain largely unknown. Roy et al. (1993) have described the ability of Myc to repress transcription from an initiator element by interaction with the basal transcription factor TFII-I in in vitro transcription systems which may provide a mechanistic clue. Likewise, USF has been shown to stimulate core A promoter activity in vitro and in vivo also through interaction with TFII-I (this report; see also Du et al., 1993; Roy et al., 1991) . This is particularly intriguing since USF may antago nize M yc's actions at the core promoter. In the absence of Myc, USF acting as a constitutively expressed factor may provide the default activity of the promoter.
Our unexpected finding that PC 12 cells can grow, differen tiate and apoptose all in the absence of Max raises several pos sibilities. One is that another factor replaces Max function in PC 12. A second is that Myc may not be required in PC 12, perhaps because of a mutation which activates Myc-dependent pathways in the absence of Max. Given the evidence that Myc plays multiple roles, including repression of transcription, Myc may contribute the PC 12 phenotype by Max independent pathways. Further investigation will be necessary to resolve this point.
In summary, our studies indicate that promoters may respond to Myc in different ways, depending on the Myc regulated elements which they contain. Several possibilities are given in Fig. 4 . In Fig. 4A , a promoter such as the Ad-5 major late promoter (MLP) undergoes both positive and negative reg ulation by Myc, as described (Li et al., 1994) . The MLP is also induced by USF and repressed by Mad family members. This promoter therefore undergoes complex regulation. In Fig. 4B , a promoter containing an initiator element but lacking an E box Myc site is repressed by Myc. Such a promoter might express a growth-arrest protein or a terminal differentiation-specific function and would not be active in a proliferating cell where Myc is high. The default state in the absence of Myc for a gene regulated by such a promoter would be active expression as a consequence of USF stimulation. The activity would also reflect control by upstream elements (not shown). The final class of genes, shown in Fig. 4C , is regulated via an E box but lacks a target for Myc in the core promoter. This class would be active in cells expressing Myc or lacking Mad family members, a situation which might arise in proliferating precursor cells. This class of genes might encode proteins which function specifically in proliferating cells or which con tribute to cell growth. 
